protein complex different from ␥ -secretase. We found that during zebrafish embryogenesis this complex is involved in the patterning of the axial mesendoderm, a process controlled by the Nodal signaling pathway.
Introduction
Intramembrane proteolysis is an only recently identified mechanism underlying various important cellular processes such as cholesterol homeostasis, ER stress, cell fate decisions, signal peptide cleavage, and removal of transmembrane domain (TMD) stubs [1] . An extensively studied example of intramembrane proteolysis is the ␥ -secretase-mediated cleavage of the ␤ -amyloid precursor protein (APP), a critical step in the development of Alzheimer's disease (AD) [2] . Upon initial ectodomain shedding by ␣ -or ␤ -secretase, the remaining APP C-terminal fragment is cleaved within its TMD by ␥ -secretase, a membrane protein complex of high molecular weight with an unusual aspartyl protease activity. The consecutive cleavage of APP by ␤ -and ␥ -secretase results in the generation of small peptides, including the 40-to 42-amino acid amyloid-␤ peptide (A ␤ ), which are released into the extracellular space [2] . The neurotoxic, highly amyloidogenic 42-amino acid A ␤ variant is believed to be the pathological agent that initiates AD. The physiological role of the APP processing is not known, but ␥ -secretase-mediated cleavage of other substrates, most importantly the Notch receptor, is required during development and maintenance of multicellular organisms [3] .
Four ␥ -secretase complex components have been identified: presenilin, nicastrin, APH-1 and PEN-2 [4] . Their simultaneous expression in yeast, an organism that lacks any endogenous ␥ -secretase activity, results in the reconstitution of ␥ -secretase complex formation and activity, demonstrating that these four membrane proteins are the core components of the complex [5] . ␥ -Secretase activity depends on the presence of two conserved aspartate residues in either presenilin 1 or presenilin 2, two polytopic membrane proteins with partially redundant function [4] . Presenilins constitutively undergo endoproteolysis, leading to the generation of N-and C-terminal fragments which remain bound to each other and apparently constitute the catalytic site of the ␥ -secretase. The active site aspartate residues of the presenilins reside within their TMDs 6 and 7, in agreement with an intramembrane cleavage mechanism. The TMD 7 aspartate is located within the highly conserved sequence motif GxGD [6] , which is also found in other intramembrane cleaving proteases, the bacterial type 4 prepilin peptidases and signal peptide peptidase (SPP) (see below). These and other data strongly suggest that the presenilins are the proteolytically active components of the ␥ -secretase complex. In contrast, the role of the other three subunits is less well understood. The type I glycoprotein nicastrin (see below) and the polytopic membrane protein APH-1 might form a precomplex to which first presenilin holoprotein is added [7] . The subsequent addition of PEN-2 facilitates presenilin endoproteolysis leading to the generation of the active complex. For a detailed description of ␥ -secretase assembly and function see the paper by Kaether et al. [this issue, pp. 275-283].
SPP-Like Proteins
SPP and SPP-like proteins (SPPLs) were originally identified as presenilin homologues (PSHs) in a database search [8] . Five PSH genes were described and shown to encode polytopic membrane proteins with a predicted topology similar, but inverted to that of presenilins ( fig. 1 a) . Moreover, their sequences contained two conserved aspartate residues within putative TMDs and a highly conserved PALLYL motif reminiscent of the presenilin PALP sequence, suggesting the existence of a family of unusual aspartyl proteases with the sequence GxGD as a signature motif [9] . This hypothesis was confirmed by the finding that one of the PSHs is identical to SPP [10] , a protease cleaving the hydrophobic signal peptides after their removal from newly synthesized secreted or membrane proteins by signal peptidase. Mutation of the aspartate within the GxGD motif of SPP abolished this activity, supporting the idea that SPP is indeed an aspartyl protease. Subsequently, ␥ -secretase inhibitors were shown to also block SPP activity, suggesting a common cleavage mechanism of ␥ -secretase and SPP [11] . In addition, the liberation of signal peptides by signal peptidase, a step analogous to the ectodomain shedding of ␥ -secretase substrates, was shown to be required for intramembrane processing, indicating that SPP and ␥ -secretase use a similar substrate recognition mechanism [12] . Thus, the discrimination of SPP and ␥ -secretase substrates appears to be primarily based on their membrane orientation: ␥ -secretase cleaves only type I substrates, SPP accepts only type II substrates, in agreement with the inverted membrane orientation of their active site-forming TMDs [13] . However, SPP differs from presenilin in that it does not undergo endoproteolysis and that it does not need a highmolecular-weight complex for activity. Although SPP dimerization has been shown to occur [13] [14] [15] , its biological relevance is not clear.
One of the physiological functions of signal peptide processing in mammalian cells is the generation of fragments from MHC class I molecules which serve as human lymphocyte antigen E epitopes to report the immunocompetence of antigen-presenting cells [16] . In Caenorhabditis elegans , SPP has been shown to be required for embryonic development and suggested to be involved in the lipoprotein receptor pathway [17] . In contrast, nothing is known about the function of the other four PSHs, now known as SPPLs. Based on their sequence homology to SPP [8] and their membrane topology [13] , they might represent intramembrane cleaving aspartyl proteases as well, but no substrates have been identified so far. Two of the four human SPPLs, SPPL2b and SPPL3, are conserved in all vertebrates, including the zebrafish, and were chosen for a biochemical and functional study [15] . Analysis of their subcellular localization in cultured human embryonic kidney HEK293 cells by immunofluorescence microscopy revealed that SPPL3, like SPP, localizes to the endoplasmic reticulum, whereas SPPL2b is predominantly found in endocytic/lysosomal compartments ( fig. 1 b) . This suggested that at least one of the SPPLs might have a function different from SPP. To examine this further, we studied the role of SPP, SPPL2b and SPPL3 during zebrafish embryonic development [15] . The corresponding zebrafish genes, spp , sppl2 and sppl3 are highly homologous to their human counterparts and expressed throughout early embryogenesis. Knockdown of each of these genes using antisense oligonucleotides resulted in embryonic lethal phenotypes demonstrating an essential role in zebrafish development. Whereas injection of spp and sppl3 -specific oligonucleotides led to a neuronal degeneration phenotype due to enhanced cell death, knockdown of sppl2b resulted in the development of an abnormal caudal vein [15] . Importantly, we obtained identical phenotypes by injecting mRNAs encoding SPP or SPPL proteins harboring a mutation of the aspartate residue within the GxGD motif. This mutation has already been shown to act as dominant-negative mutation in human SPP [10] . We, therefore, concluded that SPPLs most likely represent aspartyl proteases with nonredundant functions. 
Nicalin (Nicastrin-Like Protein)
The type I transmembrane protein nicastrin was originally identified as presenilin-binding factor that affects APP processing [18] as well as Notch signaling in C. elegans [18, 19] . It was subsequently shown to represent an obligate component of the ␥ -secretase complex [20] and to be required for the reconstitution of ␥ -secretase activity [5] . Its extracytosolic domain contains N-linked carbohydrates which undergo maturation during passage through the secretory pathway [20, 21] . This maturation, together with a conformational change leading to trypsin resistance [22] , has been used as an indicator of ␥ -secretase complex assembly and trafficking. Within nicastrin's ec todomain, a ϳ 200-amino acid region was found which is predicted to adopt a fold similar to the aminopeptidase (AP) domain. Although this domain does not confer peptidase activity [23] , its integrity is necessary for ␥ -secretase activity [18, 22] . We have used a generalized sequence profile constructed from nicastrin ectodomains of various species to search databases for nicastrin-related sequences and identified a novel protein which we termed nicalin (nicastrin-like protein) [24] . The sequence similarity is confined to a region of 180 residues, which roughly corresponds to nicastrin's AP domain. Northern and Western blot analysis revealed ubiquitous expression of nicalin in human tissues and cell lines, albeit at varying levels. Examination of native, endogenous nicalin from HEK293 cells by Blue-Native polyacrylamid gel electrophoresis revealed its presence in a high-molecular-weight membrane protein complex of ϳ 200 kDa [Haffner and Haass, unpubl . data], a size clearly differing from the 500-550 kDa determined for ␥ -secretase [20] . Moreover, ␥ -secretase components were not detected in nicalin im- munoprecipitates and vice versa, demonstrating that these complexes are unrelated. Immunoaffinity purification of nicalin resulted in the co-purification of a 130-kDa protein, which was identified by mass spectrometry as pM5 [24] , a membrane protein of unknown function. Based on the results of our analysis in zebrafish embryos (see below) this protein was termed NOMO (Nodal modulator). Like nicalin, NOMO is highly conserved in higher eukaryotes and expressed ubiquitously. Native, endogenous NOMO has a molecular weight of ϳ 200 kDa strongly suggesting its presence in the Nicalin complex. Glycosylation and subcellular localization studies revealed that both proteins have type I topology and localize to the endoplasmic reticulum [Haffner and Haass, unpubl . data].
To identify the biological function of this novel protein complex, we examined the role of nicalin and NOMO in the zebrafish. One NOMO (nomo) and two nicalin orthologs (ncl1, ncl2) were found in the zebrafish genome, of which nomo and ncl1 are expressed during early development. Interfering with their expression levels in embryos failed to produce phenotypes related to Notch signaling deficiencies, indicating distinct functions of ␥ -secretase and the nicalin/NOMO complex in vivo [24] . In contrast, we found that simultaneous ectopic expression of nomo and ncl1 , but not of each factor alone, led to cyclopic, 'squint-eyed' embryos ( fig. 2 a) . Blocking expression of nomo with an antisense oligonucleotide resulted in the development of a massively enlarged hatching gland. Both phenotypes can arise through a failure in the proper patterning of embryonic mesendodermal tissue, a process regulated by the TGF ␤ factor Nodal [25] . In situ hybridization experiments demonstrated that downregulation of nomo reduced the amount of posterior axial mesendoderm, indicating enhanced Nodal signaling. These data suggested an antagonistic role of NOMO in the Nodal pathway, and were confirmed by the finding that enhanced inhibition of Nodal signaling by overexpressing the specific Nodal inhibitor lefty was counteracted by blocking nomo expression [24] . We therefore concluded that the nicalin/NOMO complex acts as inhibitor of the Nodal signaling pathway.
Concluding Remarks
We characterized three novel ␥ -secretase-related proteins, SPPL2b, SPPL3 and nicalin. SPPL2b and SPPL3 are members of the GxGD family of aspartyl proteases and our data strongly support the hypothesis that they are active proteases [15] . This is confirmed by very recent results from our lab identifying a substrate for SPPL2b [Fluhrer et al., in press]. Moreover, it appears that SPPL2b and SPPL3 fulfill nonredundant functions important for vertebrate development. The characterization of substrates for SPPLs and their mode of action will provide important insights into the mechanisms underlying the process of intramembrane proteolysis.
Our analysis of the nicastrin-like protein nicalin and its binding partner NOMO led to the identification of a novel membrane protein complex involved in the Nodal signaling pathway [24] . Thus, nicalin as well as nicastrin are both part of high-molecular-weight protein complexes which are involved in signaling pathways controlling cell fate decisions during embryonic development ( fig. 2 b) . Very recently, it has been suggested that nicastrin functions as a receptor for ␥ -secretase substrates and that its AP domain is involved in this process by recognizing the N-termini of processed peptides [26] . Future studies of nicalin and NOMO might help to understand the precise role of nicastrin within the ␥ -secretase complex.
